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ABSTRACT 

Context. Carbon-Enhanced Metal-Poor (CEMP) stars are known to be the direct witnesses of the nucleosynthesis of the first low- and 
intermediate-mass stars, because most have been polluted by a now-extinct AGB star. 

Aims. By considering the various CEMP subclasses separately, we try to derive, from the specific signatures imprinted on the abun- 
dances, parameters (such as metallicity, mass, temperature, and neutron source) characterizing AGB nucleosynthesis from the specific 
signatures imprinted on the abundances, and separate them from the impact of thermohaline mixing, first dredge-up, and dilution as- 
sociated with the mass transfer from the companion. 

Methods. To put CEMP stars in a broad context, we collect abundances for about 180 stars of various metallicities (from solar down 
to [Fe/H]=-4), luminosity classes (dwarfs and giants), and abundance patterns (C-rich and poor, Ba-rich and poor, etc), from our own 
sample and from literature. 

Results. First, we show that there are CEMP stars which share the properties of CEMP-s stars and CEMP-no stars (which we call 
CEMP-low-s stars). We also show that there is a strong correlation between Ba and C abundances in the s-only CEMP stars. This 
strongly points at the operation of the 13 C neutron source in low-mass AGB stars. For the CEMP-rs stars (seemingly enriched with 
elements from both the s- and r-processes), the correlation of the N abundances with abundances of heavy elements from the 2 nd 
and 3 ld s-process peaks bears instead the signature of the 22 Ne neutron source. Adding the fact that CEMP-rs stars exhibit O and Mg 
enhancements, we conclude that extremely hot conditions prevailed during the thermal pulses of the contaminating AGB stars. We 
also note that abundances are not affected by the evolution of the CEMP-rs star itself (especially by the first dredge-up). This implies 
that mixing must have occurred while the star was on the main sequence and that a large amount of matter must have been accreted 
so as to trigger thermohaline mixing. Finally, we argue that most CEMP-no stars (with no overabundances for the neutron-capture 
elements) are likely the extremely metal-poor counterparts of CEMP neutron-capture-rich stars. We also show that the C enhancement 
in CEMP-no stars declines with metallicity at extremely low metallicity ([Fe/H] < -3.2). This trend is not predicted by any of the 
current AGB models. 

Key words. Stars: abundances,Stars: AGB and post-AGB 

1. Introduction 

The largest wide-field spectroscopic surveys for metal-poor stars to date, the HK survey dBeers et all 1 1992b and the HES survey 
dChristlieb et all |2001|) . have provided a tremendous wealth of information for the study of the early chemical evolution of our 
Galaxy. One of the most interesting and surprising result is the large frequency of carbon-enhanced stars ([C/Fe] > 1.0, hereafter 
CEMP stars) a mong metal-poor stars. The re sults from the HK and HES surveys indicate that they account for 20-30% of stars with 
[Fe/H] < -2.5 ( Lucatell oetail l2005bl [2Q06h . This finding has prompted a number of high-resolution, high signal-to-noise studies 
aimed at understanding the origin of the abundance anomalies in these objects. The carbon-enhancement phenomenon appears in 
stars that exhibit four different heavy-element abundance patterns: 

(i) The most numero us c lass is characterized b y enrichments of neutron-capture elements. From radial-velocity variations, 
iPreston & Snedenl (2000]) and lLucatello et alJ d2005bh demonstrate that these stars are members of binary systems. Moreover, some 
of them (hereafter CEMP-s) show an abundance pattern for neutron-capture elements compatible with the operation of the s-process 
in Asymptotic Giant Branch (AGB) stars. Thus it is now established that these CEMP-s stars - as well as classical CH stars - 
are members of wide bi nary systems where the former primary star transferred materi al during its AGB phase onto the presently 
observable companion (Mc Clure & Woodsworthl,[l990l) . Actually, we demonstrate in Mas seron et alJ (thTprep., Paper I, hereafter 
Paper I) that CEMP and CH stars belong to the same class of stars. 

(ii) Another class of CEMP stars (hereafter CEMP-rs), showing large ove rabundances of elem ents resulting from th e s-process 
and of elements traditionally assigned to the r-process, has been discovered by Barbuy et al. ( 1997|) and lHill et alJ d2000h . A number 
of these stars show radial-velocity variations (e.g. Paper I; ISivarani et all 120041 : iBarbuv et aUl2005l) . Indeed, there is no doubt that 
these stars are binaries (they might even be triple systems) and that the companions?) is(/are) responsible for the peculiar abundance 
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pattern. Nevertheless, this category of CEMP stars is very puzzling: they show a large Ba enhancement, which is representative of 
the s-process, and at the same time a very large Eu enhancement, which is representative of the r-process. Most of the scenarios 
invoked to explain the peculiar rs abundance pattern include a double phase: a r-process pollution (fro m a type-II supern ovae) 
followed by a s-process pollution (from an AGB star) or vice versa (se e hypotheses I I I, IV and VI of iJonsell et al.L [2006, and 
references therein). These scenarios are supported by the predictions of Bisterz o~et al] d2006l) which satisfactorily reproduce the 
general features of CEMP-rs neutron-c apture patterns by setting in their mode l an in itial high r-process enrichment before slow 
neutron capture begins. On the contrary. I Johnson & B olte (2004) and Masseron (2006) do not find a satisfactory combination of r- 
and s-process to reproduce the neutron-capture element pattern in CEMP-rs stars, and call for a modified neutron-capture process. 
In addition, the large number of CEMP-rs stars observed at low metallicities casts doubt on the likelihood of two-phase scenarios. 
From the present analysis, we suggest instead that the CEMP-rs stars are produced by intermediate-mass AGB stars where both 
13 C(a,n) ie O and 22 Ne(o',n) I6 neutron sources operate. 

(iii) So me CEMP stars w ith no enhancements in their neutron-capture-element abundances have been identified (hereafter 
CEMP-no: lAoki et all 12002a) . Unfortunately, not many of these stars currently have enough radial-velocity measurements to con- 
strain their binary properties. Consequently, a mass-transfer scenario comparable to that operating in CEMP-s (and possibly in 
CEMP-rs) stars is not firmly established. Neverthe less, the origin of this category is of great interest as the two most Fe-poor stars 
known to date (HE 0107-5240 and HE 1327-2326: IChrisflieb et all I2002L iFrebel et al.l 120051) belong to this class. The existence of 
a very large C content in extremely low-metallic ity stars may be explaine d from nucleosynthesis process es operating in basically all 
mass ranges, including no tably hypernovae (e.g. Heger & Woosley, 2002), type-II supernova mo dels (e.g. Wooslev & Weave^ 1995; 
Limongi & Ch ieffi. 2003), massive st ars with rotation a ccounting for the N enhancement (e.g. Mevnet & Maederl 120021: iHirschi , 



2007b . fast-rotating AGB models (e .glSiess etaiT. 120041). early-AGB or Red -Giant-Branch (RGB) stars with modified helium-core 



flashes at very low metallicity (e.g. lFuiimoto et al.L 12000; Sud a et al.L 120041) . The intriguing possibility that the abundance pattern 
of the two most metal-poor stars k nown to date is actually shaped by chemical segregation rather than by nucleosynthesis has been 
raised bv lVenn & Lambed (120081) . 

(iv) Finally, a single case of a highly r-process-enhanced CEMP star has been noted (CS22892-052, ISneden et al.Ll2003~bl) . 

CEMP stars constitute an extremely interesting probe of the initial mass function (IMF) of the early Galaxy. Those CEMP stars 
which have been polluted by AGB stars probe the IMF of the intermediate-mass (~ 1 — 8 M Q ) stars, provided of course that a 
reliable mass may be assigned to the companion AGB star. Theoretical models have indeed shown several ways along which the 
mass of the AGB star may influence nucleosynthesis. For example, N is strongly enhanced by Hot-Bottom Burning (HBB) at the 
expense of C in in termediate-mass (~ 3 - 8 M ) AGB stars. On the other hand, F is only produced in low-mass AGB stars (see 
other examples in Karakas & Lattanzigl 120071) . For the production of the heavy elements through the s-process, the mass of the 
AGB star is of importance as well. It has been suggested that low-mass (~ 1 — 3 M ) AGB stars produce neutrons mainly by the 
13 C(a,n) I6 reaction operating in radiative conditions (IStraniero et all 1 19951). whereas in intermediat e-mass AGB stars, a weak 
s-process is driven by 22 Ne(a,n) 25 Mg operating in convective conditions (iGorielv & Siesi 12001 L2005T) . However, no AGB model 
predicting the formation of the necessary 13 C pocket in a self-consistent way is available yet, and the 22 Ne(ar, n) 25 Mg reaction rate 
still suffers from large uncertainties. 

Although yields are not yet available for a wide range of elements, stellar mas ses, and metallicitie s , some attempts have been 
made to compare AGB yields for different masses with CEMP star abundances. iBisterzo & Gallinol ((2008) daringly derive the 
mass of the former AGB companion of 74 CEMP-s stars by fitting abundance patterns with t heir predictions. They found that all 
abundance anomali es in CEMP-s stars originate from AGB stars with M < 1.4 M . Based on lFuiimoto et alj d2000t) calculations, 
Kom iva etail d2007l) argue that CEMP-s stars had an AGB companion with 0.8 M <M< 3.5 M Q , whereas CEMP-no stars have 
an intermediate-mass AGB companion with M > 3.5 M Q . However, none of these models provide an explanation holding for the 4 
CEMP subclasses simultaneously. 

In this paper, we review the CEMP phenomenon to shed light on the origin of these intriguing stars based on an unprecedented 
compilation of abundances of all CEMP classes. After classifying the sample in different categories according to their observed 
abundances, we first give additional proof that Ba stars are formed by mass-transfer from metal-rich AGB stars (Sect. [3]). Thus, Ba 
stars constitute a metal-rich sample which may serve as a comparison for CEMP stars. We also discuss the need for the introduc- 
tion of CEMP-low-s stars, which show low s-process element abundances (Sect. @}. Our approach consists in looking at element 
correlations between elemental abundances in each CEMP class. That manner, we bring new insights to the nucleosynthesis in the 
AGB companion of CEMP-s stars (Sect. [5J. Assuming that AGB stars are also responsible for the CEMP-rs stars peculiar compo- 
sition, we try to identify their nucleosynthesis processes (Sect. [6]). In parallel, we qualitatively compare the mean trends between 
CEMP classes and with non C-rich stars. Finally, we discuss the nature of the companion of CEMP-no stars and evaluate the role 
of AGB stars at extremely low-metallicity ([Fe/H]<-3.0) (Sect.|7]i. This holistic view of CEMP abundances finally attempts to draw 
a coherent picture of AGB nucleosynthesis at low metallicity (Sect. |S). 



2. The extended sample 

We have compiled abundances from analyses of high-resolution spectra (R > 40000) of CEMP stars (Tables [H and Ba stars, and 
non-carbon-enhanced metal-poor stars (Tables [3] and 0). C-rich stars are defined as stars with [C/Fe] > O.Sfl All the plots in this 
paper are exclus ively made out of data from these tables which include our own data from Paper I. All these data are renormalized 
by the Asplund (2005) solar abundances. 

1 Since not all auth ors have adopted the same solar abundances for C and Fe, our CEMP criterion ([C/Fe] > 0.9) has been made slightly different 
from th e one used by[R ossi et al. ( 1999) ([C/Fe]=1.0), in order to keep stars like the unique r-process-rich star CS 22892-052 in the CEMP family 
with the lAsplundl d2005l) solar abundances adopted in the present paper. 
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Figure Q] shows the distribution of the stars from Tables[2]and[4]in the ([Ba/Fe], [Eu/Fe]) diagram, which involves two neutron- 
capture elements. This figure reveals that different families must be distinguis hed (see Fig. [2] for details ). Our definitions closely 
match the ones of lJonsell etafl d2006l) for CEMP-s and CEMP-rs stars, and of iBeers & Christliebl d2005l) for CEMP-no, rl and rll 
stars (see below for a definition of rl and rll stars). However, these studies do not consider the stars with either no Eu abundance 
available or with only an upper limit. Thus, to classify those, we rely on the Ba abundance alone. In Fig. Q] we have labeled four 
stars as CEMP-low-s stars, three of them being based on an Eu measurement from Paper I (see Sec.|4]and|7]i. At this stage, based on 
the consideration of Fig.[T]only, the necessity of distinguishing CEMP-low-s stars from CEMP-no stars is not at all obvious, since it 
may appear as simply resulting from the absence of a firm Eu detection in CEMP-no stars. This question will be addressed in more 
details in Sect. 17.21 

The stars denoted rl and rll bv lBeers & Christliebl ((2005) represent the majority of metal-poor stars (CEMP stars being ~ 20% 
of them). Because they apparently do not belong to binary systems, we assume that their abundances are representative of the 
composition of the interstellar medium from which these metal-poor stars formed, and hence of the initial composition of CEMP 
stars. 




I i i i I i i i , L 

o l a 

[Eu/Fe] 




[Eu/Fe] 

Fig. 1. [Ba/Fe] vs [Eu/Fe] and [La/Fe] vs [Eu/Fe] abundances in sample stars. The (red) triangles stand for CEMP-s stars, the 
filled (black) circles code the CEMP-low-s stars, the (black) crosses code the CEMP-no stars and the (magenta) squares represent 
the CEMP-rs stars. We also represent classical Ba stars with tiny black dots and tiny red triangles. Large open circles identify 
stars studied in Paper I. The cyan solid lines separate the different classes (see Fig. [2] for their expl i cit de finition). The black lines 
correspond to pure s-p rocess nucleosynthesis predictions for a 0.8 M Q (short dash; Masser on et al.L 12006) and a 3 M (long dash; 
iGorielv & SiessL l2005h metal-poor AGB star and to pure solar r-process (dash-dot; iGorielyi 119991) . Although La is an excellent 
s-process tracer, there are fewer abundances available for this element in the literature. Note that the star HE 2356-041 has a typical 
s-process La/Eu ratio (lower panel), despite the fact that the Ba/Eu ratio qualifies it as a CEMP-r star (upper panel; see also Sect. |4]i 



In the whole sample, we identify 47 CEMP-s, 44 CEMP-rs and 42 CEMP-no stars, including 32 multiple measurements, sum- 
ming up to a total of 101 different CEMP stars. Despite the fact that all come from only 2 surveys of metal-poor stars (HK and HES), 
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[C/Fe]>0.9 




As: [Ba/Fe] > 1 & [Ba/Eu] > 
As: 2.1>[Ba/Fe]>l 
'Mrs: [Eu/Fe] > 1 & [Ba/Eu] > 
□ rs: [Ba/Fe]>2.1 
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Xno: [Ba/Fe]<l 
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[Eu/Fe] < 1 & [Ba/Eu] < 
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X rl: 



• A [Fe/H] < -1.5 



•• [Fe/H] > -1.5 



Q our data from paperl 



Fig. 2. The adopted classification results from Fig. Q] The classification and the corresponding color-shape code adopted in this 
figure are used in all the figures of this paper. Large symbols and small symbols correspond respectively to [Fe/H] <- 1.5 and >- 
1.5. Open symbols are used whenever there is no Eu abundance available. In this case, the classification is solely based on the Ba 
abundance displayed in Fig.Q] 



we do not attempt to extract accurate frequencies from these numbers because each author has potentially biased the subsample of 
stars with abundance analysis by using specific selection criteria. There are also 2 CEMP stars which show a pure r-process Ba/Eu 
ratio (CS 22892-052 and HE 2356-0410, represented by blue 'plus' symbols. It is possible that these stars have received some 
C-rich material from an AGB star, but the high r-process initial composition overwhelms the low s-process elemental abundances, 
as suggested by lAoki et al.l (l2002d) . We also note that the latter star (aka CS 22957-027) has a La/Eu ratio compatible with a pure 
s-process (lower panel of Fig.Q]), making it difficult to identify the origin of the neutron-capture elements. We also stress that, among 
three high resolution spectroscopic analyses of this star, only one study was able to derive the Eu abundance at a very low level, 
and with Eu lines falling in a forest of strong CN lines. Therefore, the accuracy of this measurement should perhaps be carefully be 
reexamined. 

The error bars shown in all the plots are generally the random errors published by the authors (when available) and are very 
often in the range « 0.1-0.2 dex). We do not include the systematic errors, because we consider that they are best represented by 
the dispersion in the abundances resulting from the different studies of a given object (connected by long-dashed lines in all the 
figures). In fact, in Paper I, we show that systematic errors due to different assumptions about model-atmosphere parameters may 
lead to large abundance discrepancies, especially for abundance determinations based on a single line. As an example, the [Pb/Fe] 
ratio derived in different studies of HE 2158-0348 ranges from 2.77 to 3.42 while the [Ba/Fe] values span the much narrower range 



Because of the various oxygen-abundance diagnostics, we choose to plot O abundances uncorrected for NLTE and 3D effects. 
However, we give in column 1 1 of Table Q] NLTE corrections for O I meas urements us ing Takeda] (|2p03l) formula. The corrections 
for O triplet measurements are of the order of 0.2 dex, in agreement with iGarcfa Perez et al.l (120061). Notice t hat for some of the 
stars, especially the CEMP-rs, the O-line equivalent widths are above the applicability limit of the formula. IGarcfa Perez et al.l 
(2006) also found 3D corrections for OH of the order of -0. 1 dex. 

Despite the fact that the production of elements like C, N and s-process elements in the AGB star largely overwhelm the 
abundance already present in the CEMP star, abundance ratios such as [X/Fe] or [X/H] in CEMP stars are not necessarily identical to 
the initial yields of the AGB star, especially when not much matter is accreted and/or is heavily diluted in the CEMP star envelope. 
Various mass-transfer efficiencies are indeed expected. Because of the large variety of orbital parameters, various accretion and 
dilution factors contribute to the abundance scatter observed for C, N or s-process elements. Unfortunately, there are currently only 
very few orbits available for CEMP stars. Therefore, it is difficult to constrain the initial abundances from observations of [X/Fe] or 
[X/H] ratios. Nevertheless, the reader should keep in mind that using abundance ratios of enhanced s-process elements (e.g. [Ba/Eu], 
[Pb/Ba]) represents a way to partially cancel the uncertainty produced by the various mass transfer efficiencies and to get a handle 
on the AGB nucleosynthesis. 
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Table 1. Abundances of light elements in carbon-enhanced metal-poor stars from literature. Columns (4), (6), (8), (10), (12), (15) 
list random errors (when available). Column (3) lists metallicities preferentially from Fe I. Column (5) list C abundances from pref- 
erencially CH determinations. (7) N abundances preferentially from CN. (9) For oxygen abundances (2) stands for measurements 
from O I triplet and (3) from OH lines. By default , the oxygen m easurement comes from the [OI] line at 6300 A. (11) Non-LTE 
corrections of O I triplet measurement according to Takeda (2003) (when applicable). The entire table will be published in A&A 
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Table 2. Abundances of neutron-capture elements in carbon enhanced metal-poor stars from literature. Columns (17), (19), (21), 

(23) , (25) list random errors (when availabl e). (27) Solar abunda nces reference adopted in t he original reference source. The entire ta- 
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Object 


Teff log g 


[Fe/H] 


cr 


[C/Fe] 


cr 


V1 CI [i C cr 


[N/Fe] 


cr 


[O/Fe] 


cr 


Non-LTE 


[Mg/Fe] 


cr 


(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) (8) 


(9) 


(10) 


(11) 


(12) 


(13) 


(14) 


(15) 


Ba stars 


BD +18:5215 


6300 4.20 


-0.44 


0.04 


0.59 


0.08 






0.13 


0.43 


0.10 




0.17 


0.05 


HR 107 


6650 4.00 


-0.34 


0.04 


0.23 


0.08 






0.13 


-0.07 


0.10 




0.08 


0.05 


HD 749 


4580 2.30 


-0.06 


0.18 


0.20 


0.20 




-0.04 


0.18 


0.21 


0.24 




-0.12 


0.20 


HD 5424 


4600 2.30 


-0.21 


0.14 


0.12 


0.10 


8 2 


0.43 


0.10 


0.00 


0.20 


?? 


0.34 


0.34 




4700 1.80 


-0.51 


0.18 


0.39 


0.20 




0.41 


0.18 


0.18 


0.24 




0.20 


0.20 


HD 8270 


6070 4.20 


-0.44 


0.04 


0.31 


0.08 






0.13 


0.08 


0.10 




-0.04 


0.05 


HD 12392 


5000 3.20 


-0.06 


0.18 


0.40 


0.20 




0.57 


0.18 


0.18 


0.24 




0.05 


0.20 


HD 13551 


6050 3.70 


-0.44 


0.04 


0.24 


0.08 






0.13 


<0.43 


0.10 




0.25 


0.05 


HD 22589 


5630 3.30 


-0.12 


0.04 


0.30 


0.08 




0.19 


0.13 


<0.03 


0.10 




0.21 


0.05 


HD 24035 


4500 2.00 


-0.14 


0.18 


0.15 


0.10 


1 20 5 


0.46 


0.10 


1 -0.12 


0.20 


?? 


-0.24 


0.14 



Table 3. Same as TableQ]for stars with [C/Fe]<0.9.77ie entire table will be published in A&A 



Object 


[Ba/Fe] 


cr 


[La/Fe] 


cr 


[Ce/Fe] 


cr 


[Eu/Fe] 


cr 


[Pb/Fe] 


cr 


solar ref 


references 




(16) 


(17) 


(18) 


(19) 


(20) 


(21) 


(22) 


(23) 


(24) 


(25) 


(26) 


(27) 


Ba stars 


BD +18:5215 


1.46 


0.05 


1.15 


0.06 


1.23 


0.05 


0.25 


0.10 


0.45 


0.19 


Gr98 


(46) 


HR 107 


0.95 


0.05 


0.63 


0.06 


0.53 


0.05 


0.05 


0.10 


0.90 


0.19 


Gr98 


(46) 


HD 749 


1.18 


0.19 


1.22 


0.19 


1.62 


0.19 


0.34 


0.21 


0.38 


0.29 


Gr98 


(46) 


HD 5424 


1.04 


0.20 


1.28 


0.05 


1.66 


0.16 


0.49 


0.05 


0.91 


0.10 


As05 


(52) 




1.48 


0.19 


1.51 


0.19 


1.98 


0.19 


0.47 


0.21 


1.10 


0.29 


Gr98 


(46) 


HD 8270 


1.11 


0.05 


0.96 


0.06 


0.95 


0.05 


0.33 


0.10 


0.50 


0.19 


Gr98 


(46) 


HD 12392 


1.51 


0.19 


1.57 


0.19 


1.79 


0.19 


0.49 


0.21 


1.15 


0.29 


Gr98 


(46) 


HD 13551 


1.16 


0.05 


0.95 


0.06 


1.03 


0.05 


0.22 


0.10 


0.50 


0.19 


Gr98 


(46) 


HD 22589 


0.88 


0.05 


0.66 


0.06 


0.57 


0.05 


0.22 


0.10 


-0.15 


0.19 


Gr98 


(46) 


HD 24035 


1.07 


0.20 


1.01 


0.05 


1.63 


0.13 


0.32 


0.05 


0.94 


0.10 


As05 


(52) 



Table 4. Same as Table[2]for stars with [C/Fe]<0.9.77ie entire table will be published in A&A 



3. Ba stars and CEMP-s stars 

iJorissen & Van Eckl (120001) demonstrate that Ba stars are just part of a binary ev olutionary sequence wh ich also involves MS, S 
and C stars without lines from the unstable element Tc (see their Figure 1), and Allen & Barbuv (2006b) conclude that Ba stars 
have the same s -process signature a s AGB stars. Figure Q] shows that they exhibit [Ba/Fe] and [Eu/Fe] ratios identical to CEMP-s 
stars. Following ICohen et al.1 (120061) . we thus suggest that CEMP-s stars and Ba stars belong to the same category of mass-transfer 
binaries from a former AGB companion, and differ only on the ground of their metallicity. Ba stars are not as carbon-enhanced 
as CEMP-s stars because their composition prior to the mass transfer from the AGB star had already high C and O content, and, 
in such circumstances, the C present in the accreted material is not sufficient to bring the resulting C/O ratio above unity. Hence, 
even after the transfer of C-rich material from the AGB companion, the [C/H] ratio remains close to the Galactic average (dotted 
line in Fig. |3). Thus, the C/O ratio remains below 1, and CH or C2 lines are less intense in the spectra of Ba stars than in their 
more metal-poor counterparts. Therefore, we argue that the same nucleosynthesis processes are responsible for the C and s-element 
production in Ba stars and CEMP-s stars, which just differ by metallicity. Note that in the following plots we include Ba stars to give 
a broader view of AGB nucleosynthesis, thus making it possible to identify the impact of metallicity. In Fig. [3] we also highlight 
the effect of dilution (either in the AGB envelope or when the material transferred from the AGB star is mixed with material in the 
companion's envelope). We calculate the dilution tracks of the neutron-capture elements as follows: 



Eu = (1 - d) x Eu s + d x Eui n i t (1) 

X d X Elicit (2) 



Ba 

Ba = — 

Eu 



Ba 

X (1 - a) X Eu s h 

Eu 



mil 



with d being the dilution factor (ranging from to 1) and Eu and Ba being the resulting Ba and Eu abundances after dilution. We 
chose ||j so that [Ba/Eu] s = 1 as observed in CEMP-s stars and |^| and £«,■„,■, so that [Ba/Eu],-,,;, = and [Eu/Fe] = as it is 
expected in matter of solar metallicity. We apply this formula to 3 values of s-process Eu (Eu s ) so that [Eu/Fe] s = 0.0,0.4,0.9, 
matching the observed range. This simple calculation demonstrates that the scatter observed for the neutron-capture elements in Ba 
stars and for C in CEMP-s stars may at least be partly ascribed to dilution. 



4. CEMP-low-s stars: the low s-process counterparts of CEMP-s stars 

The discovery of CEMP stars that have low Ba abundances (black crosses in Fig. [3} was exciting, because, as discussed in Sect.[TJ it 
suggested that the carbon enrichment seen in these stars could be due to pollution by a star different from an AGB. The identification 
of the origin of these stars with low Ba abundances represents a special challenge, because very few abundance data are available 
for the neutron-capture elements. This difficulty may be ascribed either to a true absence of large overabundances, or to the difficulty 
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-3 -2 -1 0.5 1 



[Fe/H] [Eu/Fe] 

Fig. 3. (left panel) The C content in CEMP-s stars and in Ba stars (see Fig. [2] for a description of symbols). The dotted line 
represents the Galactic average C content ([C/Fe] « 0) and the solid line stands for a constant amount of C ([C/H] = -0.2) added 
to the initial Galactic average content. The black arrows represent a arbitrary dilution factor of the accreted C. This assumption of 
a constant C abundance in the accreted material is consistent with a primary C production in AGB stars. This simple calculation 
shows that Ba stars are indeed the analogues of C stars at high metallicities. (right panel) [Ba/Fe] as a function of [Eu/Fe] for Ba 
stars and CEMP-s/low-s stars. The black arrows represent the track followed by the abundance ratios when increasing the dilution 
of s-process enriched material in a solar-composition material. This demonstrates that a varying dilution of s-process-rich material 
into solar-composition material can explain the global trend of [Ba/Fe] and [Eu/Fe] ratios in Ba stars. 



of detecting the spectral lines when the metallicity is very low, even in the presence of overabundances. This situation is illustrated 
by Fig. Q] wh ere stars current l y clas sified as CEMP-no stars (large crosses) only have an upper limit on their Eu abundances. In 
Paper I and in lMasseron et all d2006l) . we derived the Eu abundances for three CEMP-no stars (HE 1419-1324, HE 1001-0243 and 
C S 30322-023, represented b y large circled black dots). Their low Ba abundances would classify them as CEMP-no stars according 
to lBeers & Christliebl (120051) . 




i , , . -< i i i i . , i i , , , i , , , , i , , 

-1 -0.5 0.5 1 1.5 

[Eu/Fe] 

Fig. 4. Ba/Fe and Eu/Fe in metal-poor stars (see Fig. |2]for a description of symbols). The black arrows represent the track followed 
by the abundance ratios when increasing the dilution of s-process enriched material in a pure r-process material. Because the initial 
pure s-process composition and the pure r-process composition are unknown, this calculation as been made for 2 sets of s-process 
Ba and Eu abundances representative of what is observed in CEMP-s and CEMP-low-s stars, and 2 sets of r-process Ba and Eu 
abundances typical of what is observed in rl and rll stars. 



There is yet another star, namely HKII 17435-00532, with properties similar to the three just described (large circled black dots 
in Fig. @). So, in addition to high C, they are different from "normal" field stars in their heavy-element abundance. These stars 
fall between the s- and r-process lines, thus may be accounted for by diluting pure s-process material in pure r-process matter. We 
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have therefore identified stars with the low Ba enhancements of CEMP-no stars, but the [Ba/Eu] ratios showing contamination by 
s-process material. We labeled these as CEMP-low-s stars. 

We stress that, because the dilution lines (arrows in Fig. |4j> cross the region between the s-process and r-process lines, CEMP- 
low-s stars could erroneously be classified as either CEMP-rs or CEMP-no stars. So far, not many CEMP-low-s stars are known, 
but we suggest in Sect. I7.2l that a fair fraction of CEMP-no stars could actually turn out to be CEMP-low-s stars after the missing 
Eu abundances become available. 

The situation is a bit different for CS 30322-023. Although its low [Ba/Fe] ratio formally locates it among CEMP-low-s stars, 
it falls along the pure s-process line, so that there is no need to invoke the above argument involving dil ution. CS 30322-023 i s 
also special in being a genuine low-metallicity AGB star, with a very low initial Eu content (Paper I and Masser on et all 12006)! 
Thus, there has been no dilution associated with mass-transfer from an AGB companion for this star, and its envelope contains pure 
s-processed matter brought there by the third dredge-up. All the Eu initially present has been overwhelmed by the s-process Eu 
brought by the dredged-up matter. 

In the remainder of this paper, the four stars forming the CEMP-low-s category will be included with the CEMP-s and CEMP-no 
stars in figures and discussions. 
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5. The nature of the companion of CEMP-s stars 

The good agreement between the predicted and observed [Ba/Eu] and [La/Eu] ratios in CEMP-s and CEMP-low -s stars (F ig. Q]) 
supports the standard model for t he operation of the s-process in AGB stars through the 1 3 C(a,n) 1 6 Q neutron source dStraniero et all 
1995' lGorielv & Mowlavil 120 00). Consequently, we expect the Ba/C ratio to depend on metallicity (Clavtonl ll988h . This is because 
C is of primary origin (independent of metallicity; due to the triple-ff reaction in the He-burning shell), whereas the production of 
Ba is secondary (it depends on the availability of Fe seed nuclei). The trend of Ba with metallicity predicted by the operation of the 
13 C(a,n) 16 neutron source is, however, a complicated one. First, one should remark that the Ba abundance at the surface of AGB 
stars where 13 C(a , ,n) 16 operates is affected by three different factors: 

(i) the low number of available Fe seed nuclei is the major limiting factor at the lowest metallicities. Hence, the [Ba/C] increases 
up to [Fe/H] = -1 (Fig0. 

(ii) the s-process abundance pattern (i.e., the ratio [vhs/hs] where 'vhs' stands for third-peak s-process elements like Pb and 'hs' 
stands for second-peak s-process elements like Ba, La or Ce) varies as well with metallicity, since the number of neutrons captured 
per seed nuclei increases with decreasing metallicity. This is because the 13 C(a , ,n) 16 neutron source involves primary fuels, namely 
12 C and protons, through 12 C(p,y) 13 N(/? + ) 13 C. Hence, the number of available neutrons remains the same at all metallicities (see 
, however, item (iii) below). But since the available Fe seed nuclei decreases with metallicity, at low metallicities the number 
of neutrons captured per Fe seed nuclei is large, and heavy s-process elements like Pb are produced (see Fig. [6]). At intermediate 
metallicities, though, the number of neutrons captured is just enough to synthesize second-peak elements like Ba. The Ba abundance 
should thus reach a maximum at intermediate metallicities. 

(iii) the number of neutrons available will depend on the size of the proton pocket mixed in the carbon zone, which is currently 
not constrained by the models, since the physical mechanism responsible for the proton diffusion in the C-rich shell remains un- 
known. The Ba enrichment predicted by the models is affected by this uncertainty, but the C enrichment is not. Hence, the [Ba/C] 
ratio is not totally independent of mixing: although not affected by the third dredge-up, it is dependent on the size of the proton 
pocket, the variation of which may account for the scatter in s-process-element abundances such as Ce (left panel of Fig. [5]). 

Figure [5] shows that the [Ba/C] ratio in CEMP-s stars qualitatively follows the expected trend, being maximum around [Fe/H] 
= -10. The small scatter (0.28 dex) on the [Ba/C] vs. [Fe/H] relationship is indeed quite remarkable. It is comparable to the 
root-mean-square of the uncertainties on the measurements (~ 0.2 dex). Therefore, the Ba/C ratio resulting from the s-process 
nucleosynthesis is not expected to vary much from star to star at a given metallicity. Although current AGB models explain well the 
[Ba/C] behavior as a function of metallicity, none of them reproduce it quantitatively. Hence, our results set strict constraints on the 
proton-diffusion mechanism producing 13 C as this correlation links C production in the AGB with the s-process. 



2.5 




u 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 -2 u 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

-3 -2 -1 -3 -Z -1 

[Fe/H] [Fe/H] 

Fig. 5. [Ce/Fe] (left panel) and [Ba/C] (right panel) as a function of metallicity for CEMP-s and Ba stars (see Fig.|2]for a description 
of symbols). Ce as a representative s-process element is very scattered at all metallicities. Note that the right panel is equivalent 
to [Ba/Fe] vs [C/H] (e.g. Fig. 8 of lAoki et all l2002cT) with the advantage of canceling dilution and mass-transfer effects. There 
is a strong correlation bet wee n Ba and C synthe sis. A maximum is obtained for [Fe/H] between -1.0 and -0.6 as expected by 
iGorielv & Mowlavil d2000t) and lBusso et al.1 (120011) . 



Concerning the s-process abundance pattern, recent improvements in the accuracy of the abundances have revealed that not 
all the elements in a given s-process peak behave similarly. Therefore, we choose to show single-elem ent ratios in Fig. [6] 
This figure shows that the Pb/Ba ratio is inc reasing as metallicity decreases, as expected from the models (Gallino et al., 1998; 
IGorielv & Mowlavi , 2000; B usso et al.U2001l) . We stress in particular that three stars formerly classified as CEMP-no for which we 
derived the Pb abundance (Paper I) fall along the expected trend; hence, they were reclassified as CEMP-low-s in Sect. [4] 

However, these figures show as well a significant scatter around these broad trends. We remind the reader that Pb and Ba might 
be affected by observational uncertainties. Lead is very challenging to measure as it generall y relies on one si ngle line (405.77 nm) 
blended by a regular CH line (405.78 nm) and a broad CH-predissociation line (405.58 nm) (Ple z et aUl2008l) . and is very sensitive 
to stellar parameters. The large spread in the Pb abundances derived by differ ent authors in a giv en star illustrates these difficulties. 
For example, CS 22942-019 has been analyzed in this work as well as by Aok i et all d2002c). and there is a large discrepancy 



2 As [C/N]»0 in CEMP-s stars (see Sect l6.4.U . identical values are found for [Ba/C+N] 
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Fig. 6. Third-peak to second-peak s-process element ratios for CEMP-s and Ba stars (see Fig.[2]for a description of symbols). We 
also plot here our Pb measurements of CEMP-low-s stars as these are the only one s in the literature for this category. The so l id line 
conn ects the predic t ions fo r different metallicities from Goriely & Mowlavi (2000) (after 10 dredge-ups). iGorielv & Siessl (12001 1) 
and lMasseron et alJ (|2006l) . 



between the upper limits on the Pb abundance derived by these two studies (« 0.6 dex). Ba might as well be affected by large 
measurement errors as illustrated by the different [Ba/Fe] ratios in CS 22942-19, as most of the Ba lines used in spectroscopic 
studies are resonance lines sensitive to non-LTE effects and usually quite strong. 

There are also theoretical uncertainties. In the proton-mixing scenario (Goriely & Mowlavi 2000), the [vhs/hs] ratio is essentially 
controlled by the metallicity. As shown by Van Eck et al. (2003), uncertainties originating from unknown dilution factors or from the 
proton mixing profile has an impact of +0.2 dex on the Pb/Ba ratio. Th e scatter observed in Fi g. [6] clearly indicates that additional 
parameters need to be considered. In particular, it has been suggested (IGorielv & Siessl |2004|) that the ingestion of protons in hot 
AGB stars can modify the neutron irradiation and lead to noticeably different s-abundance distributions. A deep hot third dredge-up 
tends to reduce the s-process efficiency, the protons injected into the C-rich layers producing a I4 N-rich region rather than a 13 C-rich 
pocket. 
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6. The possible nature of the companions to CEMP-rs stars 

The puzzling abundance pattern in CEMP-rs stars, ch aracterized by large overabundances of neutron-capture elements (as illustrated 
in Fig.Q]), has given rise to various hypotheses (see Ijonsell et al.l l2006. for a detailed review). The binarity of these stars has now 
been confirmed (e.g. Paper I, and iBarbuv et all 120051) . Because of the relatively old age of these low-metallicity halo stars, an 
initial pollution of their original gas by C, N and neutron-capture elements r equires a very fast evo lving object. But curre nt models 
of massive stars predict a pure r-process pattern (Woosle y & Weaverlll995l) or a weak s-process (Pignat ari et all 120081) . but none 
support a rs patt ern (and in particular the large Pb enhancement). 

In addition. iJonsell et all ([2006 ) noticed that the large number of CEMP-rs stars observed at low metallicities casts doubt on 
the probability of a two-source pollution scenario including at least one ma ssive star. Howev er, neither the IMF nor the multiple 
system frequency are known at low metallicity. Actually, the estimates from Tumlinson ( 2007) support the fact that the IMF should 
be pushed toward high masses at low metallicities, and the simulation of lVanhala & Cameronl dl9 98) predicts that the explosion of 
the first generations of massive stars would favour the formation of binaries, thus would privilege the formation of binary systems 
with the imprints of a massive star. Alternatively, ICohen et alj d2003f) hypothesized that CEMP-rs stars are first polluted by the 
s-process from an AGB primary companion, which subsequently turns into a white dwarf. This white dwarf later accretes material 
back from the secondary compan ion, and if the white dwarf is an O-Ne-Mg dw arf, accretion-induced collapse of the white dwarf 
ensues and leads to a neutron star ( Nomoto & Konddll99ll : |justham et al.Ll2009T) . A neutrino-driven wind from the forming neutron 
star enriches the secondary star in the r-process elements, leading to the final abundances in the CEMP-rs star. We stress that this 
scenario involves an O-Ne-Mg whit e dwarf, and this r equirement strongly reduces the frequency of occurrence of the scenario. 
Nevertheless, the calculations of lAokietalJ f2006) established tha t s-pro cess and r-process behave are almost independent con- 



tributors to the final yields. Following this argument, Johnson & Boltd ((2004) failed to reproduced in detail the extensive abundance 



patter n observed in the CEMP-rs star CS 31062-50 by adding an s-process pattern to an r-process pattern. Furthermore, Ma sseroiJ 
(2006) demonstrated that the addition of Ba and Eu abundances as observed in CEMP-s stars (representing the contribution of a 
low-metallicity AGB star) to the Ba and Eu abundance as observed in rll stars (representing the contribution of a low-metallicity 
massive star) falls below the amount of Ba and Eu observed in CEMP-rs stars. Hence, we argue that the double enhancement sce- 
nario does not hold. Thus, it appears that a non standard s-process is the best candidate to explain the CEMP-rs phenomenon and 
most certainly from a unique companion (likely an AGB star). 



6.1. Evidence for the operation of the 22 Ne(a, n) 25 Mg neutron source in CEMP-rs companions 

In Sect. |5] we established that in CEMP-s stars, both the s-process element overabundances (reflected in Ba/C) and the s-process 
efficiency (reflected in the third-peak to second-peak abundance ratios) depended, at least to some extent, on the metallicity of the 
AGB star. One striking fact in CEMP-rs stars is that the Ba/C ratio does not show any correlation with metallicity (Fig. [7j, despite 
the strong correlation between the production of Ce and metallicity highlighted by the small scatter in [Ce/Fe] values in CEMP-rs 
stars (Fig. [HJ. Similarly, the s-process efficiency does not show any correlation with metallicity but rather with N (Pig. |9j ! 

In fact, according to Goriely & Siess (2005), the correlation between [Pb/hs] (with hs = Ba, La or Ce) and N is evidence for a 
convective s-process driven by the 22 Ne(a, n) 25 Mg neutron source operating in thermal pulses of AGB stars. When a thermal pulse 
occurs, N (left over from the former hydrogen-burning) is fully burnt through the 14 N(o-, y) 18 F(y6 + , v) ls O(a, y) 22 Ne reaction, and 
neutrons are released by the subsequent 22 Ne(a, n) 25 Mg reaction. When the temperature is high enough in the convective pulse (i.e., 
the AGB star must be rather massive), this reaction is a very efficient neutron source leading to an efficient production of s-process 
elements. This is consistent with the large overabundances of Ba, La, Ce, a nd Pb observed in CEMP-rs stars. It is also expected that 
25 Mg and 26 Mg are significantly produced in AGB stars with high masses (Karakas & Lattanzio, 2003). This is what is potentially 
observed in Fig. [10] where the observed Mg (= 24 Mg+ 25 Mg+ 26 Mg) is enhanced in some of the CEMP-rs stars. 

Moreover the high neutron density associa ted with 22 Ne(a, n) 25 Mg is predicted to favour the so-called sr- nuclei production 
dGallino et al.Lll998l: iGorielv & Mowlavil [2000). notably 142 Ce, as well as r-process nuclei like 151 Eu and 153 Eu dGorielv & Siessl 
I2005I) . It then becomes clear why [Eu/Fe] increases at the same time as [Ba/Fe] (Fig.[TJ. 

If the 22 Ne(o', n) 25 Mg neutron source is responsible for the synthesis of the heavy elements now observed in CEMP-rs stars, 
[Ba/Mg] (rather than [Ba/C], as is the case for CEMP-s stars) should correlate with metallicity. The right panel of Fig. [7]hints at 
such a trend, although the scatter is large. The causes for such a scatter are many: (i) the Mg abundance may be dominated by 
the isotope 24 Mg, not altered by the operation of 22 Ne(o', n) 25 Mg; (ii) the efficiency of the 22 Ne(o', n) 25 Mg neutron source is very 
sensitive to the temperature at the base of the thermal pulse, which is in turn a function of mass, metallicity and pulse number. 
The lifetime of 22 Ne against 22 Ne(o', n) 25 Mg (which controls the s-process efficiency) is moreover difficult to predict with certainty, 
given the large uncertainties still plaguing that reaction rate. To activate the 22 Ne(ff, n) 25 Mg reaction, temperatures larger than about 
3.5 x 10 s K are needed at the base of the convective pulse. These temperatures are only expected in stars more massive than about 
3M Q . 

Figure QT| shows that [La/Ce] =»0 in CEMP-rs stars while the calculations bv lGorielv & Sies 1 d2005l) predict a negative value 
from the operation of the 13 C(a, n) ie O neutron source. The consistently larger [La/Ce] values observed for CEMP-rs stars are thus 
a strong indication that the l3 C(a, n) 16 neutron source does not operate in those stars, as already suggested above from various 
other arguments. Moreover, it is very meaningful that the [La/Ce] values observed in CEMP-rs stars are in fact compatible with 
the values 0.2 - 0.4 dex predicted from th e operation of the 22 Ne(a, n) 25 Mg neutron source in warm pulses, and after dilution in 
the AGB envelope (Gor iely & SiessL [20051) . The operation of 22 Ne(a, n) 25 Mg alone does not, however, lead to Pb production, and 
would thus appear inconsistent with the large [Pb/hs] ratios seen on Fig. [9] Fortunately, such large Pb overa bundances are predicted 
when 13 C(a, n) 16 and 22 Ne(o', n) 25 Mg operate jointly, which should be the case in a limited mass range (IGorielv & Siessl [2004, 
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Fig. 7. Upper panel: [Ba/C] in CEMP-rs stars as a function of metallicity (see Fig.[2]for a description of symbols). No correlation is 
observed, in contrast to CEMP-s stars (shaded area from Fig . [5j ■ Lower panel: [Ba/Mg] in CEMP-rs stars with [Mg/Fe] > 0.6, as a 
function of metallicity. There is an apparent trend (the correlation coefficient of the least-square fit (solid line) is 0.55) 



2005). Finally, we emphasize that the last up-to-date models from Cristallo et al. (2009) support a non negligible contribution of the 
22 Ne(ff, n) 25 Mg reaction to the s-process in a 2 M low-metallicity AGB star. 



6.2. Evidence for mixing in CEMP-rs stars 

It must be stressed that the evolution of the CEMP star itself could also affect the abundance ratios like [X/Fe] or [X/H], and even the 
[C/N] ratio. In general, after stars leave the main sequence and before they ascend the giant branch, they undergo the first dredge-up. 
This convective process brings up material that has been processed by the CN cycle during the main sequence, and brings N-rich 
and C-poor material to the surface. Therefore, in normal stars that have homogeneous envelopes, the first dredge-up is responsible 
for low [C/H] and high [N/H] above some luminosity threshold (log L/Lq ~ 1). 

However, the situation may be different from the above picture describing the standard first dredge-up, if a star had transferred 
AGB material in a thin layer on its surface while on the main sequence, as CEMP stars did. The dilution resulting from mass 
transfer is governed by the convective or radiative nature of the accretor envelope, and by the difference between the molecular 
weights of the accretor's initial envelope and of the accreted matter. When the abundance differences are l arge enough betwee n the 
initial composition and the accreted material, thermohaline mixing will operate (Proffit t~& MichaudT, [l989; Barbuy et al., 1992), and 
dilute the accreted material in the star's envelope before the first dredge-up occurs. The respective depths of thermohaline mixing 
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Fig. 8. Ce and Pb enhancements as a function of metallicity in CEMP-rs stars (see Fig.|2]for a description of symbols). The narrow 
scatter in Ce/Fe highlights a strong dependence between Ce production with metallicity in contrast to Pb, also produced in large 
quantities but with a large range of abundances. If dilution was causing the scatter in [Pb/Fe], we would expect a similar scatter in 
[Ce/Fe]. 




[N/H] [N/H] 



Fig. 9. Third- to second-peak abundance ratios as a function of N in CEMP-rs stars (see Fig.|2]for a description of symbols). Solid 
lines are least-square fits. The corresponding correlation coefficients from top-left to down-right panels are 0.65, 0.51, 0.68 and 
0.58. Clear correlations are observed between third- and second-peak abundance ratios, especially in the case of Ce. 



and first dredge-up will fix the surface [C/H] and [N/H] ratios. If thermohaline mixing does not extend very deeply, dilution in the 
star's envelope by the first dredge-u p will dominate and all abundances of accreted elements (e.g. [C/H], [N/H], [Ba/Fe]) will drop 
dDenissenkov & Pinsonneaultll2008h . In the situation where thermohaline mixing is deep enough, the first dredge-up may not even 
leave any observable signature on the C and N abundances. In the extreme case where thermohaline mixing drags the accreted C 
and N down into the H burning region, C is processe d through the CN cycle. The first dredge-up is then expected to bring to the 
surface depleted C, enhanced N (Stancliffe et al., 2007) and leave unchanged the other ratios (e.g. [Ba/Fe], [C+N/H]). 

On top of putting constraints on the nucleosynthesis processes in CEMP companions, we can use abundance ratios to study the 
depth of the dilution in the polluted star by comparing abundance ratios at different evolutionary stages. We emphasize that this 
approach is only valid when the overabundances in accreted material overwhelm the initial abundances. In this regard, CEMP-rs 
stars offer the best conditions because they show the largest overabundances. We determined the luminosities of our sample stars 
from their surface parameters (T e ff and \ogg) and assumed they all are 0.8 M stars (see Fig. IT2T>. 
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Fig. 10. Mg enhancement vs Ba enhancement in CEMP-rs stars (see Fig. [2] for a description of symbols). The red shaded area 
represents the average [Mg/Fe] + lcr for CEMP-s stars while the blue hatched area represent the average [Mg/Fe] + lcr for rl and rll 
stars reflecting the galactic mean value. Mg and Ba are simultaneously enhanced in some CEMP-rs stars compared to the galactic 
mean value, reinforcing the idea that the 22 Ne(a, n) 25 Mg reaction occurred intensively in these stars. 
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Fig. 11. [La/Ce] in CEMP-s s tars (red triangles) a nd in CEMP-rs stars (magent a squares). The solid lin e con nects the predict i ons fo r 
different metallicities from lGorielv & Mowlavil (120001) (after 10 dredge-ups). iGorielv & Siessl d2001l) and lMasseron et alj (|2006). 
While CEMP-s stars show negative [La/Ce] ratios in agreement with predictions, CEMP-rs show [La/Ce] ^0 ratios. 



C abundances, [Ba/Fe] and [Ce/Fe] ratios in Figs. Qj] and [l4]clearly show no distinction between dwarfs and giants. Therefore 
we see no signature of dilution in CEMP-rs stars, so that the accreted material must have been mixed in the star during the main 
sequence and/or turn off. 

The accretion of material, particularly on the main sequence, may affect the position of a star in the HR diagram. It is remarkable 
in Fig.Q~2]that all stars agree well with a 12 Gyr isochrone, except for some of the main-sequence and turn-off CEMP-rs stars which 
are significantly bluer. (One should keep in mind, however, that in some studies, isochrones were used to determine gravities). 
The off-s equence stars occupy a similar region of the HR diagram as the blue stragglers, where mixing has occurred on the main 
sequence. IStancliffe et al.l (120071) found in their model that thermohaline mixing of the C-rich material is deep e nough to reach the H 
combustion layers, so that it stimulates H burning and increases the luminosity of the s tar. Jonsell et al. | d20 06) already suspected a 
relation between CEMP-rs stars and blue stragglers (hypothesis VIII). According to Stancliff e et al.ld2007b . the additional luminosity 
is a direct consequence of the enhanced CN mixed throughout the star, thus boosting the CNO cycle. Therefore, they also expect 
strong N enhancement after the 1 st dredge-up (occurring around log(L/L ) « 1). But Fig.[T4lshows no clear increase in N for stars 
with log(L/L ) > 1. 

The examination of the abundances as a function of CEMP-rs parameters leads to 3 main conclusions: (i) the abundances observed 
in CEMP-rs stars are not affected by the dilution associated with the first dredge-up in the atmosphere of the CEMP star; 

(ii) on the contrary, the accreted material seems to alter the evolution of CEMP-rs stars, like for blue stragglers. This requires 
a large amount of accreted material, consistent with the fact that the companion had to loose a large amount of mass, thus being 
relatively massive; 

(iii) the variation of the amount of transferred material from one CEMP-rs star to another is below the measurement uncertainties 
(right panel of Fig. [T3T l. Therefore, abundance trends such as that observed for N/H are free from the scatter associated with variable 
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Fig. 12. The Hertzsprung-Russell diagram for the entire sample (see Figure [2] for a description of symbols). The luminosity has 
been calculated with the following formula: log L/L Q = log(M/M ) + 4 log(r e jf /T e e ) - log(g/g ) adopting 0.8 M for all the stars 
and taking T e ff and log(g) from column (2) of Tables Q] and [3] The black solid lines are 12 Gyr isochrones for [Fe/H]=-1.01 (right 
curve) and -2.31 (left curve), both a-enhanced, from lVand enBerg et al. (2006). While most of the stars fall on the isochrones, some 
CEMP-rs stars (magenta squares) and a couple of CEMP-no stars (black crosses) are bluer and more luminous. 




Fig. 13. [Ba/Fe] and [Ce/Fe] vs luminosity in CEMP-rs stars (see Fig.|2]for a description of sym bols). Whereas the accreted [Ba/Fe] 
is expected to be diluted in the star after the first dredge-up (log(L/L ) at 1) as predicted by Deniss enkov & Pinsonneaufd d2008) 
(solid line), [Ba/Fe] in CEMP-rs stars does not show any such signature of depletion between main sequence and giant stars 
(< [Ba/Fe] >dwarfs= 2.23 + 0.39 and < [Ba/Fe] > g i an ts= 2.21 + 0.34). The [Ce/Fe] scatter is very small (<x = 0.24 dex compared to 
0.19 dex random measurement uncertainty) and independent of the star luminosity. 



mass-transfer efficiencies. 



6.3. Thermohaline mixing and first dredge-up dilution in CEMP-s and CEMP-no stars. 

Like CEMP-rs stars, CEMP- s stars show large C enhancements in their atmosph ere; therefore t hermohaline mixing could be ex- 
pected to be at work as well. lAoki et al.l J20 08) point out that their earlier data dAoki et all 120071) for Ba-enhanced CEMP stars do 
not support thermohaline mixing. We confirm that in CEMP-s stars, the average [C+N/H] show an apparent discrepancy between 
giants and dwarfs, but [Ba/Fe] remains remarkably homogeneous (Fig. [15). The dilution should affect in a similar way all the ac- 
creted elements. Since this is not what is observed in CEMP-s stars from the comparison of C+N and Ba data, we conclude that 
there is no clear signature of dilution of the accreted material after the first dredge-up in CEMP-s stars, in contrast to Aoki et al. 

(2008)'s conclusions. 

For CEMP-no stars, the situation is different. As noted by [Aoki et al.l (|2002c), CEMP-no stars show mild C-enrichment on aver- 
age: CEMP-no stars have [C/H]=- 1.42+0. 86 whereas CEMP-rs have [C/H] =-0.28+0.28 and CEMP-s stars have [C/H]=-0.62±-0.34. 
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Fig. 14. C and N abundances in CEMP-rs stars (see Fig.[2]for a description of symbols). The solid line is the predicted abundance 
trend with thermoha line mixing while the dotted line is without thermohaline mixing but dilution after the first dredge-up from 
IStancliffe et~al1d2007l) . C is constant with luminosity (< [C/H] >dwarfs= -0.23 + 0.33 and < [C/H] > g iants= -0.30 ± 0.24). But it is 
not clear whether N is enhanced after the 1 st dredge-up. We note as well that the C scatter is much lower than the N scatter. 
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Fig. 15. [C+N/H] and [Ba/Fe] in CEMP-s stars as a function of luminosity. While the average [C+N/H] shows a discrepancy between 
dwarfs and giants (<[C+N/Hl>=- 0. 38+0.35 for dwarfs and -0.64+0.32 for giants) in apparent agreement with the predictions of 
iDenissenkov & Pinsonneaultl d2008l) (solid line), [Ba/Fe] is very homogeneous between dwarfs and giants (<[Ba/Fe]> =1.57+0.25 
for dwarfs and 1.51+0.30 for giants). 



Because thermohaline mixing depends on the molecular weight gradient induced by the accr etion of heavy e l ement s, a l ess efficient 
thermo haline mixing than the one in CEMP-rs stars must be expected for CEMP-no stars. Lucatell o et al.l d2006l) and lAoki et al.l 

(2007) do find a trend of [C+N/H] with the CEMP luminosity. Hence, these two works conclude that thermohal ine mixing was negli- 
gible and that what is seen is the dilution of the ac creted material by the first dredge-up, as estimated bv iDenissenkov & Pinsonneaultl 

(2008) . Note however that lLucatello et ail (120061) do not separate CEMP classes, so the trend they found is certainly smoothed be- 
tween CEMP-no, CEMP-s and CEMP-rs stars. 

We show in Fig. [16] that there is a correlation between metallicity and luminosity in CEMP-no stars. In surveys, more giants 
than dwarfs are expected to be found as their large luminosity allows us to detect them in a larger volu me. Consequently, it w ould 
appear natural that the more the metallicity decreases and the fewer metal-poor stars detected (e.g. iRyan & NorrisL fl99l. the 
more the frequency of giants increases, leading to an apparent correlation betwee n metallicity and lumi nosit y (see iMasseron et all 
2006, for more detailed estimates). Therefore we argue that the conclusions of iLucatello et alj d2006l) and lAoki et al.l d2007l) are 
observationally biased so that the decrease of [C+N/H] as a function of luminosity is dominated by the metallicity trend. Thus, we 
conclude that we cannot with the current data measure the impact of thermohaline mixing in CEMP-no stars. 

6.4. Comparison between CEMP-s and CEMP-rs stars 

After examining the neutron-capture elements in CEMP-rs stars, we compare in this section light-element abundances in CEMP-s 
and CEMP-rs to compare the properties of their respective companions. 

6.4.1. Carbon and Nitrogen 

N is generally thought to be the result of the CN cycle. As a consequence of this cycle, 14 N increases at the expense of 12 C, and 
12 C/ 13 C is lowered from its initial value. But in low- and intermediate-mass metal-poor stars, 14 N can be produced at many different 
stages, notably after the first dredge-up, during the RGB phase through "extra mixing" (e.g. lGilroyL [T989: Boothroy d & Sackmannl 
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Fig. 16. [C+N/H] in CEMP-no stars as function of metallicity (upper left) and luminosity (upper right). There is a correlation in 
both cases (the solid lines represent the least-square fits), implying that luminosity is anti-correlated with metallicity (lower panel). 
This highlights an observational bias in CEMP-no stars. 



1999) and during the AGB phase if HBB occurs at the bottom of the convective envelope or if there is "extra mixing" below the 
convective envelope, of a similar nature than the one occurring during the RGB, but called Cool-Bottom Processing (CBP) in the 
framework of the AGB evolution dAbia et all 1200 it Nolle tt et al.ll2003l) . For CEMP stars, the situation is thus more complex as both 
the CEMP star and its companion can have undergone CN processing. Based on the observation that CEMP stars are also N-rich 
stars, it is commonly admitted that N originates from the same source as C, i.e. the companio n. Very few CEMP stars in our sample 
have high enough luminosities (log(L/L Q ) > 2.2) to undergo extra mixing (ISpite et all 120051) . and a fortiori neither HBB nor CBP. 
Thus, CEMP stars could not have produced N through these processes. Moreover, we have demonstrated in Sect l6.2l that there is no 
significant enhancement of N after CEMP stars' first dredge-up. Finally, there are strong arguments in favour of N originating from 
the former AGB companion, notably the fact that the abundances of the s-process elements in CEMP-rs stars are correlated with N 
(Fig.|9]l. Since it is very unlikely that CEMP stars have synthesized any s-process elements in their interiors, their AGB companions 
must have produced both the heavy elements and all the observed N (as well as 12 C and 13 C). 

The model predictions displayed in Fig. [17] reveal that intermediate-mass AGB stars with HBB should have low [C/N] and 
low 12 C/ 13 C ratios. In contrast, for low-mass AGB stars, no CN processing is expected after the second dredge-up. Consequently, 
in those stars, the cumulative amount of 12 C dredged-up during the AGB phase results in a high [C/N] ratio and a high 12 C/ 13 C 
ratio. In contrast, all CEMP stars show relatively low 12 C/ 13 C ratios. This suggests that CN processing may have occurred betwee n 
3 rd dredge-ups, which are known to bring up large amount of I2 C to the surface. But, as already noticed by Johns onet al] (|2007), 
CEMP stars show C/N ratios intermediate between the high ratios expected in low-mass stars and the low ratios expected in 
intermediate-mass stars with HBB. Actually, a low 12 C/ 13 C ratio with [C/N] « cannot be obtained by a complete CN cycl e 
(which leads instead to 12 C/ 13 C ~ 4 and [C/N]* -1.3, as does HBB). Therefore, as already concluded by lAoki et ail (l2002d) . 
C has only been partly processed (possibly in the H-burning shell) before it reaches the quiescent convective envelope. This is 
indeed a characteristic feature of CBP. Moreover, we show in Fig.[T7]that there is a correlation between I2 C/ I3 C and C/N in CEMP 
stars. It is remarkable that all observed CEMP stars are located in the same region of this diagram and follow the same trend. This 
correlation is well reproduced by varying the amount of pure 12 C. Indeed, the observed trend might be ascribed to the competition 
between third dredge-ups and CBP. 

In brief, although the mechanism responsible for the N production may be attributed to CBP, no current AGB models reproduce 
the trend observed in Fig. [17] Thus we cannot use N to bring additional constraints concerning the mass of the progenitor. Finally, 
as long as the physical mechanism responsible for the CBP remains unidentified, the relation between the nitrogen and s-process 
productions in CEMP-rs stars is difficult to interpret because these two elements are supposedly produced in two disti nct parts of the 
AGB st ar. Nevertheless, assuming that some common mech anism, such as rotation dDecressin & Charbonneli [2006), thermohaline 
mixing (Canti ello & Langerl 120081) or Dual Shell Flashes (Campbell & Lattanziol 120081) . drives the CBP and the s-process, this 
correlation can be used to test these different models. 
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Fig. 17. 12 C/ 13 C as a functio n of \C/N] ratios for CEMP stars (see Fig.|2]for symbols). The long-das hed line i s the p rediction forlow- 
metallicity AGB stars from Karakas & Lattanziol d2007l) and the dotted line is the prediction from Herwig d2004l) . It is remarkable 
that all CEMP stars fall in the same region in this diagram. The black arrow represents the addition of an increasing amount of pure 
12 C starting from a 12 C/ 13 C near the CN equilibrium value and [C/N]=0. No current models are able to predict the intermediate 
C/N ratios observed in CEMP stars (see text). We note that CEMP-no stars have on average a slightly lower [C/N] ratio and a lower 
12 C/ 13 C than CEMP-s and CEMP-rs stars. 



6.4.2. Oxygen 

Oxygen is also expected to be enhanced in low-metallicity AGB stars, because of hotte r conditions in t he He-burning shell [thus ac - 
tivating 12 C(a, y) 16 0] and deeper dredge-ups compared to solar-metallicity AGB stars lHerwigl.l2004t iKarakas & Lattan ziol 120071) . 
Fig. [18] indeed shows that CEMP-rs stars are enhanced in O. In this figure, we do not attempt to correct the O abundance for sys- 




[Fe/H] 

Fig. 18. O abundances in various classes of metal-poor stars (s ee Fig. El for a description o f symbols). Dashed lines rep resent O 
predic tions as a function of metallicity for different masses from Karak as & Lattanziol (120071) and dotted lines point toward iHerwigl 
(2004) predictions for different masses (as indicated on the right-hand scale) at [Fe/H] w -2.3. O is more enhanced in CEMP-rs 
(magenta squares) than in CEMP-s stars (red triangles) with the same metallicity. We also notice that most of CEMP-no stars have 
even larger O enhancements. Note that none of the displayed O abundances have been corrected for 3D or non-LTE effects. 
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tematic effects because they are coming from different indicators ([O I], O triplet and OH lines). Althou gh NLTE and 3D effects are 
expected to decrease the O abundance, the corrections (w 0.2 dex; iTakedal [20031 : iGar cfa Pere z et all l2006t) are smaller than the 
actual O enhancement in CEMP-rs compared to the normal galactic content represented by rl and rll stars. In this figure, CEMP-s 
stars also show a slight O enhancement but in this case, uncertainties from non-LTE and 3D effects are not negligible compared to 
the observed enhancement so that no firm c onclusion can be drawn. It must be stressed that O yields predicted by different models 
do not agree with each other. iHerwid {2004) finds that the dilution in the AGB envelope always dominates over the quantity of 
dredged-up matter, thus yielding lower O enhancements as mass increases. On the contrary, Kar akas & Lattanziol ([2007) found that 
there is a competition between dilution and hotter conditions in the He shell boosting the operation of the 12 C(a, y) lfi O reaction) 
as mass increases. Thus, they predict maximum O yields in their models around 3 M . Because of these uncertainties in the model 
predictions, from the oxygen data alone, it is not possible to infer the mass of the former AGB companion of the CEMP-rs stars. 
Nevertheless, we have shown evidence for the operation of 22 Ne(a, n) 25 Mg in the He-flash-driven convective zone in the former 
AGB companions of CEMP-rs stars. This reaction requires high temperatures (3 x 10 s K) which are also more favorable for the 
12 C(a, y) 16 reaction. Therefore, it appears that the enhancement of O and the occurrence of 22 Ne(a, n) 25 Mg in the companions of 
CEMP-rs stars are consistent with the fact that they had a more massive AGB companion than CEMP-s stars. 
Furthermore, it is established that the ON cycle occurs on a longer timescale than the CN cycle so that O is marginally burnt by 
HBB. We demonstrated in Sect. I6.4.T1 that the CN cycle occurring in the companion of the CEMP stars is incomplete and this im- 
plies that the ON cycle is certainly far from taking place in the companions of CEMP stars. Therefore we can reasonably conclude 
that the O enhancements observed in CEMP stars do not come from H-burning. Most of the CEMP stars are not evolved enough to 
process the accreted material themselves, with possibly two exceptions, though: CS 22891-171 and CS 30322-023. CS 22891-171 
is not enriched in O, but is very N-rich and does not follow the [Pb/Ce] vs [N/H] trend (Fig. [9}. Its luminosity locates it either at the 
top of the RGB or in the early- AGB phase. It is thus possible that this star has processed its accreted O into N through the ON cycle. 
This phenomenon would also be a good explanatio n for the peculiar C-depleted, O-normal and N-super-rich star CS 30322-023, 
located at the tip of the AGB dMasseron et all 12006b . 

6.4.3. Statistics 

Finally, we stress that our hypothesis that CEM P-rs s tars a re formed solely by pollution from an AGB companion contradicts most 
of the scenarios suggested so far (see iJonsell et al.l (120061) for a thorough discussion of these). Using our extensive database of 
CEMP stars, we wish to discuss more thoroughly here one of these scenarios, which invokes a double-pollution episode (typically 
from AGB stars and Type-II supernovae), one contributing to the s-process enhancement and the other to the r-process enhancement. 
IJonsell et al.l (|2006) have a statistical argument against this most popular scenario. The probability of finding an AGB star and a 
Type-II supernova polluting a main-sequence star should be lower than finding a Type-II supernova alone polluting a main-sequence 
star. Therefore, the probabilit y of finding CEMP- rs stars should be lower than finding rll stars (which were only polluted by a type- 
II supernova). According to IJonsell et al.l ([2006), this is not supported by the available statistics, since CEMP-rs stars are more 
numerous than rll stars. According to the same argument, we should find fewer CEMP-rs stars than CEMP-s stars. But in Fig. Q] 
there are almost equal numbers instead. In our picture, the statistics has a straightforward explanation in terms of the IMF. If we 
consider that companions to CEMP-s stars had an initial mass in the range 1 - 3 M H whereas CEMP -rs stars have 3-8 M Q 
companions, the result ing CEMP-rs to CEMP-s frequency ratio is 0.62 adopting Mi ller & Scalol {1979) IMF and 0.95 adopting 
iLucatello et al.l d2005al) IMF. With the same IMFs, we would find frequency ratios of 0.68 and 1.01 when taking 2.4 M instead 
of 3 M as threshold between the two classes. Despite the fact that this rough estimate crucially needs more stringent constraints 
on the masses from theoretical models and more accurate observed statistics, it appears natural that CEMP-rs are approximately as 
numerous as CEMP-s stars, and still more numerous than rll stars. 
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7. CEMP-no stars 

7.1. Absence of neutron-capture signature 

In the case of CEMP-s and CEMP-rs stars, a strong argument in favour of mass transfer from an AGB companion is the enhancement 
in s-process elements. For those stars, the analysis was made much simpler by assuming that the AGB contribution to the observed 
heavy-element abundances overwhelms the primordial abundances in the accreting star. Unfortunately, for CEMP-no stars, this as- 
sumption does not hold true because CEMP-no stars have, by definition, low abundances of the neutron-capture elements. Moreover, 
because the neutron-capture enrichment for field stars is quite variable, we cannot reliably separate contributions from the AGB star 
from the pristine (unknown) abundances (Fig. 0). The C and N enhancements in CEMP-no stars resemble those in CEMP-s and 
CEM P-rs stars. But models for both low-metallicity massive stars and low-metallicity AGB stars predict C and N enhancements 
(e.g. lHkschill2007tlSiess et aUl2004l) . As remarked in Sect.Q] there is a lack of radial-velocity measurements to constrain the binary 
rate of CEMP-no stars. 
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Fig. 19. log( 12 C/ 13 C) and [C/N] as a function of luminosity in CEMP-no stars. Some main sequence CEMP-no stars with enhanced 
N and and low 12 C/ 13 C ratios exist. 



Rya n et al. I (120051) observed that all CEMP-no stars in their compilation were post-main-sequence stars, leading these authors to 
suggest that CEMP-no stars have undergone first dredge-up and have processed some pristine C into N themselves. In their scenario, 
CEMP-no stars were born of gas with high C content from pollution by (possibly) low-energy supernovae or winds from massive 
stars, C t hat was then proc essed to show the high N and low 12 C/ 13 C in the CEMP-no stars in their sample. However, as already 
noted by Aoki et al. (2007), some main sequence CEMP-no stars exist with sim ilar N enhancements and similar 12 C/ 13 C ratios as 
CEMP-no giants (Fig. [19), thus ruling out the hypothesis of iRvan et al.l (120051) . Therefore, if supernova and/or massive winds are 
responsible for the C, N and isotopic ratios, the yields from these objects must alre ady bear the signature of CN-processed m aterial 
at the time it leaves the massive star. This may be possible with rotating stars (e.g. [Meynet & Maederl [20021; iHirschil l2007h so we 
cannot rule out SN/massive stars based on this argument alone, though AGB stars easily make CN-processed material as well. 

7.2. CEMP-no stars: the extremely metal-poor counterparts of CEMP s-process-rich (CEMP-s+CEMP-rs) stars 

Without clear diagnostics like mass (from an orbital solution), or s- or r-process abundance patterns, the nature of the companion 
which polluted the CEMP-no star is very difficult to assess on a star by star basis. However, thanks to our holistic approach, we may 
invoke several arguments collectively pointing towards the scenario of a mass transfer from a former AGB companion: 

+ It is remarkable that CEMP-low-s stars share many properties with CEMP-no st ars: not on l y [Ba/F e] < 1 (their defining property), 
but also mild C-enrichments and similar [C+N/H] and [C+N+O/H] ratios dAoki et all [2002d, Figs. [20] and [2D- It has been 
established in Sect. |4]that CEMP-low-s stars show Ba and Eu abundances compatible with the s-process, and hence, owe their 
peculiarities to AGB mass transfer (excluding the CEMP-low-s star CS 30322-023, which is an intrinsic AGB star). To these 
three CEMP-low-s stars (black dots in Figs.|2"0"landl2"Tl>. we can also add the CEMP-no star CS 2 2956-28 (a blue strag gler) which 
has been shown to be a binary with evidence for mass transfer from a former AGB companion dSneden et al.Ll200 3b). There are 
thus hints for an AGB mass transfer in at least 4 CEMP-no or CEMP-low-s stars. Given the many similarities between CEMP-no 
and CEMP-low-s stars (the former could even turn into CEMP-low-s stars when their Eu abundance becomes available), it may 
thus be suspected that AGB mass transfer plays a role in many CEMP-no stars as well. 

+ There is a clear continuity in the abundance trends for CEMP-s, CEMP-rs and CEMP-no stars as a function of metallicity, 
especially for O (Fig.fTSl, C+N (Fig. ED and Mg (Fig.l22l Moreover, Fig. [FT] reveals that CEMP-no stars have I2 C/ 13 C and 
C/N ratios close to CEMP-s stars and CEMP-rs stars. In fact, the CEMP-no s tars are apparently divided in two subcategories, 
the O- and Mg-enhanced and the O- and Mg-normal, as already noticed by lAoki et al.l (|2002a). By looking at Figs. [T8l and 
l22l these two subcategories may naturally be related to CEMP-rs stars and CEMP-s stars, respectively. We do not consider in 
the current discussion the 2 most metal-poor stars known to date (HE 0107-5240 and HE 1327-2326), both being C-rich and 
Ba-poor. We previously demonstrated for CEMP-s and CEMP-rs stars that metallicity plays an important role in the outcome 
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Fig. 20. [Ba/Fe] as a function of metallicity for all CEMP stars (see Fig.[2]for a description of the symbols). 
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Fig. 21. Top and middle panels: [C+N/H] and [C/H] vs metallicity in CEMP-no and CEMP-s stars (see Fig.[2]fbr a description of 
symbols). C and C+N abundances decline towards low metalliciti es in CEMP-no stars . Botto m panel: C+N+O vs metallicity in 
CEMP stars. T he long-dashed line corresponds to predictions from Karakas & Lattanzio] d2007l) . the dotted line to predictions from 
iHerwigl d2004l) for an AGB star with [Fe/H] = -2.3. The thin solid lines correspond to [C+N+O/Fe] = 0.4 and 2.2. C+N+O stays 
constant in CEMP-s and CEMP-rs stars (red triangles and magenta squares); on the contrary, C+N+O is proportional to metallicity 
in CEMP-no stars (black crosses). 



of nucleosynthesis, and we therefore consider that the metallicity of these two record-holders is too different from the bulk of 
the sample to be safely included in the comparison. 
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Fig. 22. Mg enhancement as a function of metallicity for metal-poor stars (see Fig. [2] for a description of symbols). At extremely 
low metallicities, the Mg enhancement seems to split CEMP-no stars into 2 categories, some being very Mg-enhanced as some 
CEMP-rs do, while most of the others do not show any Mg enhancement. 



+ As already noticed by lAoki et al.l d2007l) and as shown in Fig. [23] the CEMP-no stars are more numerous at low metallicity 
compared to CEMP-s and CEMP-rs stars. It is even more puzzling that neither CEMP-rs stars nor CEMP-s stars have been 
discovered below [Fe/H] < -3.2. It is unlikely that binaries involving a low- or intermediate-mass AGB star did not form at 
these very low metallicities. Since the lines from neutron-capture elements have a negligible impact on the stellar colours, it is 
very unlikely that the absence of CEMP-s stars at low metallicities results from a selection effect acting against their detection 
when using broad-band colours as done in the HE or HK surveys. Thus, CEMP-no stars seem to be good candidates for being 
the more metal-poor counterparts of CEMP-s and/or CEMP-rs stars. 
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Fig. 23. Number of stars in the different CEMP subclasses in our sample as a function of metallicity: the black solid line represents 
CEMP-no stars, the red long-dashed line CEMP-s stars and the short-dashed magenta line CEMP-rs stars. CEMP-no stars generally 
show up at lower metallicities than the other CEMP stars. 
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Although several observational facts seem to indicate that most of the CEMP-no stars had an AGB companion, it remains 
impossible to determine the origin of CEMP-no stars on a individual basis. Indeed, it is still possible that some among CEMP-no 
stars reflect the yields of the early massive stars with high C and N enhancements. 

Beyond the debate relating or not CEMP-no stars to AGB companions, the observed lack of CEMP-s stars for metallicities 
[Fe/H]<-3.0 might reveal a fundamental difference in the properties of extremely-low AGB stars compared to more metal-rich ones. 
Under the natural assumption that any low- and intermediate-mass star undergoes an AGB phase, irrespective of its metallicity, 
the changes observed in the abundances of CEMP stars between the metal-poor regime (-3.0<[Fe/H]<-1.5) and the extremely 
metal-poor regime ([Fe/H]<-3.0) must reflect similar changes in the properties of the s-process nucleosynthesis occurring in AGB 
stars in these two metallicity regimes. We now review possible causes for these differences. 

Is the s-process pushed toward the third peak at the very low metallicities? When 13 C(a, n) 16 is the neutron source in AGB 
stars, models predict that the efficiency of th e s-process, expressed in terms of the number of neutrons captured per neutron seed 
nuclei, increases with decreasing metallicity (Clayton, 1988; Gorielv & S iess. 200H: IBusso et al.Ll2.Q01b . The s-process enrichment 
may not be obvious to detect then, as it may be restricted to a large overabundance involving the sole Pb. The Pb measurements 
available in CEMP-low-s stars and the few upper limits in CEMP-no stars do not reveal strong overabundan ces, so that thi s 
possibility is ruled out (Fig. 124b . Note that, because Pb has a condensation temperat ure similar that of Na and S (Lodders, 2003), 
the lack of Pb enhancement also confirms the statement of IVenn & Lambert] d2008l) that peculiar abundances in CEMP-no stars 
with [Fe/H]>-4.0 cannot be explained by re-accretion of dust-to-gas segregated material (as in A Boo stars). 

If CEMP-no stars are the metal-poor counterparts of CEMP stars with s-process enhancements, what are the few metal-rich 
CEMP-no stars (with [Fe/]>-2.5 on Fig. [231? It is useful to investigate in more details the properties of the relatively high-metallicity 
([Fe/H] > -2.5) CEMP-no stars, such as HKII 17435-00532, HE 1330-0354, CS 22956-028, CS 22945-017 and HE 1410+0213, 
and compare them to the CEMP-s stars with the same metallicity. The abundance pattern of the first star is compatible with a strong 
dilution of the accreted material in a r-process-rich gas (see Sect. 17.21 ). The second one also shows a mild enrichment in both C 
and Ba. Therefore, the dilution scenario is also plausible for this star. Nevertheless, the abundance pattern of the last three ones is 
more puzzling. While they all show a C abundance comparable to CEMP-s stars, CS 22956-028 is recognized as a blue straggler 
dSneden et alll2003~bl Paper I) and HE 1410+0213 is extremely O-enhanced in the same manner as in more metal-poor CEMP-no 
stars. Note that the fact that CS 22956-028 is a blue straggler is well in line with the fact that the large amount of material accreted 
modified its evolution, similarly to what is observed in CEMP-rs stars (Sect. 16.21 ). Thus, the various abundance patterns of these 
relatively metal-rich CEMP-no stars may come from various progenitors: accretion of matter from either an intermediate-mass AGB 
star (with oxygen coming from 12 C(a, y) 16 operating in warm thermal pulses), or even from a massive star having exploded as 
a type II supernova. Therefore, their connection with more metal-poor CEMP-no stars is not straightforward, and a more detailed 
study of these objects needs to be done. 
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Fig. 24. Pb+Ba enhancement as a function of metallicity in Ba, CEMP-s and CEMP-no stars (see Fig.|2]for a description of symbols). 
[Pb+Ba/Fe] is lower in CEMP-no stars than in CEMP-s stars. 



It is likely that the complex interplay between mass and metallicity has a decisive impact on the AGB nucleosynthesis at 
extremely low metallicity. Besides increasing the temperature a t which the nucleosynthesis operates, the low metallicity regime 
migh t also enhance the effects of rotation on the abundances dHerwig et all 120031: ISiess et all 120041: iDecressin & Charbonnel, 
2006) or might induce the occurrence of the hydrogen injection flash during the thermal pulse (aka He-FDDM, Fuii moto et all 
20001) . Rotation is predicted to enhance N in agreement with what is observed for most CEMP-no stars and contrasting with 
CEMP-s and CEMP-rs stars dRvan et all [2005, and Fig. [TTb . When rotation increases the N production, it inhibits the s-process, 
but is not predicted to enhance O in AGB stars (as observed for CEMP-no stars in Fig. [T8l . He-FDDM has a drastic impact on 
the AGB structure, and is consequently expected to modify the AGB nucleosynthesis. Although the metallicity t hreshold below 
which this latter mechanism operates is still debated, this effect is pr edicted for all AGB models at low metallicity (Fuii moto et all 
2000; Sie ss et all 120021; iHerwigl 12005; Campbel ffeLattanziol 120081) . and may explain the rise of CEMP-no stars at extremely low 
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metallicity. Actually, more extensive theoretical studies for AGB stars with metallicities in the range -5.0<[Fe/H]<-3.0 are needed 
to evaluate the importance of these effects in CEMP-no stars. 

Finally, there is one striking fact that is difficult to reconcile with the binary scenario. Fig.|2T|shows that C declines proportionally 
to metallicity in CEMP-no stars, as do [C+N/H] and [C+N+O/H]. This is very puzzling as the C yields from both AGB and massive 
stars yields is of primary nature (i.e. independent of metallicity), thus its observed abundance should similarly be independent of 
metallicity. Actuall y, when consid ering the effect of rotation in massive stars, the expected C and O abundances should even follow 
the opposite trend dHirschil [20071) . 
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8. Summary 

The analysis of abundances in CEMP stars leads to the following conclusions: 

- Ba stars are the metal-rich counterparts of CEMP-s stars. 

- We demonstrate that CEMP-low-s stars are very likely the result of mass transfer from an AGB companion because of their C 
and s-process signatures. Although their light element-abundance pattern is identical to that of CEMP-no stars, it is not clear yet 
whether or not all CEMP-no stars are CEMP-low-s stars. 

- The neutron-capture element ratios in CEMP-s stars are consistent with low-mass AGB models where the 13 C neutron source 
has operated. 

- The observed relation between the Ba/C ratio and metallicity in CEMP-s stars gives strong constraints on the mechanism 
responsible for the formation of 13 C in the He-rich shell during the interpulse. 

- The low dispersion in Ce/Fe as a function of the luminosity in CEMP-rs stars suggests that a large amount of material (with a 
fixed Ce abundance) has been dumped into the CEMP-rs star envelope, thus erasing all variations caused by the dispersion of 
all the initial abundances by the so-called thermohaline mixing. 

- The correlation between [vhs/hs] and [N/H] ratios in CEMP-rs stars as well as the [Mg/Fe] in some of them suggest the operation 
of the 22 Ne neutron source 

- All CEMP stars have low 12 C/ 13 C ratios, confirming that CN processing occurring in low-metallicity AGB stars is responsible for 
the observed N, but the high [C/N] ratios suggest that the conditions offered by HBB in the convective envelope are not adequate 
to produce the observed N. In contrast, these ratios points toward characteristics compatible with cool bottom processing. 

- CEMP-rs stars have O enhancement as compared to CEMP-s stars; this hints at temperatures larger in the He-burning shell of 
the companion of CEMP-rs companion than in the CEMP-s companion, in agreement with the operation of 22 Ne(a, n) 25 Mg. 

- We highlight the possible relation of CEMP-no stars and AGB stars. Hence, most of CEMP-no stars are likely to be the metal- 
poor counterparts of CEMP-s and CEMP-rs stars. 

- The decline of C and s-process in CEMP-no stars points to lower C production and inefficient s-process in low-metallicity AGB 
stars. These two observations do not have any explanations in the current AGB models. 

Nevertheless, one may attempt to use these constraints to sort CEMP subclasses according to the mass of the progenitor. The 
hotter conditions achieved in He-burning shell of the CEMP-rs stars companions compared to CEMP-s stars suggest that CEMP- 
rs stars had a more massive AGB companion than CEMP-s did. Furthermore, there is now a consensus for attributing the peculiar 
abundanc es of CEMP-s stars t o low-mass AGB stars. Since the intermediate-mass counterparts of CEMP-s stars have not been iden- 
tified yet dJohnson et all 120071) . CEMP-rs stars remai n the best candidates. This interpretation is also very satisfying regarding the 
high frequency of CEMP-rs stars (iJonsell et al.L 12006). Concerning CEMP-no stars, they are likely to encompass both intermediate- 
and low-mass AGB stars at extremely low metallicity ([Fe/H]<-3.0). Indeed, the low metallicity regime seems to have drastic effect 
on nucleosynthesis. 

However, the conditions for making N in the H-rich layer of the AGB companion to the CEMP stars are not well identified so far, 
since the [C/N] ratios are very similar in all categories of CEMP stars. Furthermore, it is expected that the more massive the AGB 
star, the more the synthesized material is diluted in the AGB envelope, thus the lower are the yields. This is in contradiction with the 
fact that the overabundances of neutron-capture elements are larger in CEMP-rs stars than in CEMP-s stars (Fig. [23]). Nevertheless, 
we also emphasize that 22 Ne(a:, n) 25 Mg can be very efficient at making s-process elements. AGB models also suffer from uncer- 
tainties, in particular the impact of HBB, the mechanis m of CBP, the param etrization of 3 rd dredge-ups, the number of therma l 
pulses, the occurrence of the Hydrogen Injection Fl ash {Fuiimoto et all l2000t) and possible effects of rotation dSiess et all [2004) 
and thermohaline mixing dCantiello & Langen, l2008). and finally, the impact of the uncertainty on the 22 Ne(a, n) 25 Mg reaction rate. 
Therefore, it is not at all straightforward to deduce the mass of the former AGB companion of CEMP stars from the analysis of their 
abundances. 

8. 1 . Open questions 

- What is the mechanism for N production in AGB stars? Is HBB really active at low metallicity? 

- Since N/C and O/Fe seem to increase with decreasing m etallicity, should w e not look for NEMP or OEMP stars? But only a 
couple of N-rich metal-poor stars have been found so far dJohnson et all l2007b . 

- Where are the CEMP-s and CEMP-rs stars at extremely low metallicity? 
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- Are there metal-rich counterparts to CEMP-rs stars? The N-rich and Rb-rich stars from iGarcia-Hernandez et aTl d2006l) might 
be possible candidates. 

- Are all CEMP-no stars the results of AGB mass transfer? 

- How low in metallicity does the C and s-process decline go? Do HE 1327-2326 and HE 0107-5240 fit in this scenario ? 

- What is the impact of the observed C decrease at very low metallicity on CEMP statistics? Do the strongest enhancements of 
elements in these stars (in particular N, O, Mg, s-process) have any implication on the chemical evolution of the Galaxy? 
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